Laboratory experiments with food-deprived larvae of odonates suggested that these predators may have the potential to control mosquito populations. However, it remains unclear whether larvae of odonates cooccur with mosquito larvae in the field and whether larvae of odonates reduce the density of mosquito larvae in the field. We exposed 35 water-filled concrete containers in the field in shady and sunny conditions. Some of these containers were partially covered (for simplicity called closed containers, allowing only mosquitoes to lay eggs), whereas others remained open. The density of mosquito larvae was higher in shaded containers and in closed containers. The multivoltine odonate Bradinopyga strachani colonized open containers and the occurrence of these predators resulted in a clear reduction of the mosquito population. Our results indicate that increasing the colonization of water bodies by Bradinopyga strachani is a promising strategy for controlling populations of mosquitoes.
Introduction
Mosquitoes are vectors of severe diseases, such as malaria, yellow fever, chikungunya, dengue fever, lymphatic filariasis, Rift Valley fever, and Zika fever (World Health Organization, 2016a) . The main vectors of these diseases are species of the nematoceran genera Aedes, Culex and Anopheles (World Health Organization, 2016a). Each year, over a million deaths occur and several hundred million people worldwide suffer from mosquito-borne diseases (World Health Organization, 2013 , 2016b , c, d, 2017 . In Africa, dengue fever is endemic in 34 countries, 35 countries have a high risk of yellow fever, lymphatic filariasis is endemic in 39 countries and 188 million cases of malaria occur across the entire region (World Health Organization, 2013 , 2016b , c, d, 2017 . In Ghana, malaria alone is responsible for about 14 000 deaths of children per year (Ministry of Health & Ghana Health Service, 2013) . Treatment of these mosquitoborne diseases comes at a substantial cost (Kokwaro, 2009) and the vaccination against malaria has had little success (Gosling and Von Seidlein, 2016) . Furthermore, the mosquito vectors are resistant to insecticides (Kelly-Hope et al., 2005; Mawejje et al., 2013; Kudom et al., 2015a, b) , and the pesticides also affect non-target species (Ware, 1980) . Hence, affordable and environmentally friendly methods of controlling larval (and adult) mosquitoes need to be developed.
One strategy that has shown some potential in reducing the density of mosquito larvae is the use of various lineages of predators such as crustaceans, fish, amphibians and also odonates (dragonflies and damselflies; Table 1 ). The aquatic larvae of odonates can co-occur with the larvae of mosquitoes. Several studies of odonate predation on mosquito larvae have used food-deprived individuals of the predator (e.g. Venkatesh and Tyagi, 2013a, b; Saha et al., 2012; Kweka et al., 2011; Mandal et al., 2008) . For instance, Kweka et al. (2011) collected odonates from breeding grounds, starved them for 12 h before introducing them into experimental habitats. Saha et al. (2012) collected odonates, starved them for 24 h in the laboratory before offering various instars of Culex quinquefasciatus to examine the functional response. Mandal et al. (2008) also collected and transported two dragonfly and three damselfly species from their Table 1 . List of studies on predator-prey interactions between mosquito larvae and various lineages of predators.
Predator lineage References
Crustaceans Kay et al. (1992) ; Marten et al. (1994) ; Kumar and Rao (2003) The listed studies involved organisms that could potentially colonize mosquito breeding habits, are able to reproduce in these habitats, and pose no danger to people (Bellows, 2001; Headrick and Goeden, 2001; Spielman et al., 1993 ; see reviews in Rodriguez-Castro, 2007 and Hwang, 2006) . Many of the studies involving odonates were laboratory based and/or made use of starved predators (citations in bold).
natural breeding sites into the laboratory to test the efficiency of the larvae of these species in controlling Culex quinquefasciatus. However, interpretation of the results from these experimental studies suffers from various methodological limitations (reviewed in Kumar and Hwang, 2006) . Despite clear indications that odonates feed on mosquito larvae, the results of such studies overestimate predation rates as well as the potential to reduce densities of mosquito larvae under field conditions (Weterings et al., 2015) . Several factors could affect the success of the biological control of mosquitoes using odonates, such as (1) the particular mosquito species and the density of mosquito larvae, (2) density, body size, and species identity of the odonate (Cordoba-Aguilar and Lee, 1994; Fincke et al., 1997; Saha et al., 2012; Weterings et al., 2015) , (3) habitat and water quality (Fincke et al., 1997; Kweka et al., 2012; Varshini and Kanagappan, 2014; Akram and Ali-Khan, 2016 ) and (4) overlap of mosquito and odonate habitats (Chatterjee et al., 2007) . Furthermore, mosquitoes breed in a wide range of habitats that are usually of low quality (Dejene et al., 2015; Kudom, 2015) , e.g. rain pools, concrete tanks, and choked gutters. Therefore, species of odonates that are able to naturally breed in such low-quality habitats are potential agents for the biological control of mosquito larvae. Although odonates are known to be more effective than other predators in controlling their prey (Kumar and Hwang, 2006) , it is thought that larvae of odonates and mosquitoes do not coexist naturally at high densities and that odonate larvae are not selective enough in their feeding behaviour to reduce the density of mosquito larvae (Sebastian et al., 1990) . In a simple field experiment, we tested the hypothesis that odonates colonize artificial habitats like water-storage containers used in African villages and are able to reduce the density of mosquito larvae which also colonize these containers.
Materials and methods

Study area
The study was conducted on the research farm of the University of Ghana, Legon campus (5 • 39 28.7 N 0 • 11 31.6 W), which lies within the main university campus, 13 km northeast of the capital Accra. The 29 ha farm is characterized by natural grass fields, irrigated vegetable fields and widely interspersed trees of mango and cashew. The experiment was conducted between June and August 2016, when coastal regions of Ghana experience peak rainfall (annual rainfall: 733-1118 mm).
Field experiment
We randomly placed 18 concrete containers (120 cm × 60 cm × 40 cm) in shaded areas and 17 containers in sunlit areas. The containers were filled with ground water (Supplement Fig. S4 ). Ten containers (four in sunlight and six in shade) were each partially covered with a wooden board (for simplicity further on called closed Table 2 . Summary of model estimates (± standard errors (SE)). We also give the equations for the three models using the formalism of R (R Development Core Team, 2016).
Model 1
Model 2a The factor container has two levels (open and closed), the factor shade also has two levels (shaded and sunlit), day is a continuous variables and measures the time since the start of experiment (thereby also an indirect variable for the age of larvae), count refers to repeated counts of mosquito larvae, obs refers to the observations of each individual container, code refers to the codes given to each experimental container, (1 | count) indicates a random intercept of the repeated counts, (1 | obs) the random intercept for each observation, and (1 + day | code) random slope for each container. For each model we also give the Akaike information criterion (AIC).
containers), so that only mosquitoes could gain access to the water; the remaining 25 containers were left uncovered (open containers) so that they could be colonized by both mosquitoes and odonates. Such containers are used in most rural homes and farmlands in the tropics for harvesting rain water and/or storing water for domestic use and irrigation (Amha, 2008; Nega, 2005; Rämi, 2003) . When filled with water, these containers usually serve as a breeding ground for mosquitoes (Waktola, 2008) . The containers were left for two weeks to allow colonization by mosquitoes and odonates. Colonization of open containers by odonates was determined by observing the territorial behaviour of males and oviposition by females, and the presence of larvae and eventually exuviae from emerging adults. The density of mosquito larvae in each container was assessed weekly for an additional eight weeks by counting the number of larvae in six samples scooped with a 1/,L beaker (see Mandal et al., 2008) . The water level in each container was maintained by adding groundwater as necessary. At the end of the 10 weeks, 45 odonate larvae were collected from colonized open containers and reared in the laboratory with temperature varying between 24 and 32 • C. Odonate larvae were kept individually in small plastic containers with a height 9 cm and base diameter of 9 cm halffilled with pond water (Fig. S4) . A stick was placed in each plastic container to support adult emergence. Odonate larvae were fed on mosquito larvae until emergence and adults were identified according to Dijkstra and Clausnitzer (2014) .
Data analysis
All analyses were conducted in R version 3.3.2 software (R Development Core Team, 2016). To manipulate and organize the data, the package tidyr was used (Wickham, 2017) . To analyse the impact of shade, container type, and time since start of the experiment on the number of mosquito larvae, we fitted generalized mixed-effects models using distributions appropriate for count data (Poisson, negative binomial; Hadfield, 2010; Supplement Table S1 ). As fixed effects, we fitted the factors container (open or closed), shade (shaded or sunlit) and within the factor container the continuous variable day (i.e. time from the start of the experiment). This procedure was necessary as we expected that the change in population density of the mosquito larvae differs between open containers (decreases with time, owing to predation) and closed containers (no change with time). Furthermore, we included a random slope for each container as well as a random intercept for each count (repeated count of mosquito larvae with each scoop). The random factors account for any variations that might exist between experimental containers as a result of varying microhabitat conditions and also account for the repeated counts (see model details in Tables 2, S1, S2) . When a Poisson-distribution was used, model 1 showed signs of over-dispersion; therefore, we included a random effect of individual level variability to account for over-dispersion (Model 2a). However, model 2a failed to converge; therefore, we used other functions as well as error distributions to test whether the estimates were robust (Tables S1, S2 ). Overall, we tested nine models but since all models produced similar results (Tables S1, S3, Fig. S5 ), we present results of the reduced model 2d (results of other models are presented in Table S2 ). Using the model.sel function (Barton, 2015) in the R-package MuMln, model 2d was the best selected from the converging models (Table S3) .
Results
Mosquitoes (Aedes, Culex) began to colonize the containers a week after the start of the experiment. Colonization of the containers by odonates also commenced at this time with the incidence of an ovipositing female Bradinopyga strachani (Family Libellulidae). By the third week after the start of the experiment, 21 (84 %) of the open containers were col-84 D. Acquah-Lamptey and R. Brandl: Biocontrol of mosquito larvae using Bradinopyga strachani onized by odonate larvae; all 14 open containers in sunlit areas and 7 in shaded areas. Although five dragonfly species were observed within the study area (Palpopleura lucia, Pantala flavescens, Bradinopyga strachani, Tramea basilaris, and Orthetrum austeni), only B. strachani colonized the containers. Both B. strachani and O. austeni successfully bred in an older irrigation pond within the study area; no mosquito larvae were recorded in this pond.
Shade of the breeding site positively influenced the density of mosquito larvae (Tables 2, S2 ). Our results indicated also that density of mosquito larvae in open containers were lower (possible presence of dragonfly larvae) compared to closed containers. Furthermore, particularly in open containers, density of mosquito larvae decreased with the time since start of the experiment (indirect variable describing the maximum possible age of odonate larvae (Tables 2, S2 ).
Discussion
Our study investigated whether and, if so, which odonates co-occur with mosquitoes in semi-natural systems, whether odonates colonize mosquito breeding sites of low habitat quality, and whether the presence of odonate larvae leads to a decrease in the density of mosquito larvae. Our results indirectly assess the potential of dragonfly and damselfly larvae for the biological control of mosquito larvae.
Although an earlier inventory of odonates on the University of Ghana Legon campus by Acquah-Lamptey et al. (2013) reported 26 species, we recorded only 5 species during the current study. Bradinopyga strachani was the only species that successfully colonized the experimental containers. This is not surprising as this species, which is also known as a "rock dweller", often breeds in rock pools and open water tanks. The distributional range of B. strachani spans from western Kenya to Guinea and Mali (Clausnitzer and Dijkstra, 2016) covering about a quarter of the area in Africa with malaria (Fig. S6) . The species has also been recorded close to villages. Species of the genus Bradinopyga are successful predators of mosquitoes (Venkatesh and Tyagi, 2013a; Varshini and Kanagapapan, 2014) , but Sebastian et al. (1990) argued that B. geminata would not be appropriate for mosquito control because it cannot be easily reared to the adult stage in captivity. This argument does not hold for B. strachani, as all 45 larvae collected from the containers survived in the laboratory until emergence as adults. Nevertheless, we want to stress that our aim was not to show that artificial rearing of odonates can be used to multiply potential agents for biological control. We only wanted to show that under natural conditions some odonates colonize artificial containers and that in such containers these odonates reduce the density of mosquito larvae.
In Accra (Ghana), species of Culex, Aedes, and Anopheles can coexist in the same breeding sites, with Culex dominating the mosquito assemblages (Brown et al., 2014) . Although it has been reported that Anopheles mosquitoes breed in open, clear, and sunlit pools (Opoku et al., 2007) and Anopheles gambiae larvae develop in permanent, man-made concrete tanks (Mala et al., 2011) , we did not find any larvae of this genus in our experimental containers. This absence could be explained by a preference of Anopheles for water bodies close to human dwellings, as observed in Senegal during the rainy season (Diédhiou et al., 2016) , as well as the preference of females for black-bottomed habitats and pools with muddy and non-vegetated edges for oviposition (Huang et al., 2005; McCrae, 1983) .
The development of B. strachani in open containers resulted in the significant decrease in the number of mosquito larvae (Table 2) . A significant reduction of mosquito density results from the interaction effect between open containers and time since start of the experiment (variable day). As B. strachani increases in size with time, predation increases leading to a further reduction in mosquito density (Fig. S5) . This is in accordance with the observation of Weterings et al. (2015) that the predation rates of odonates increase with body size. Our study does not support the postulates of Sebastian et al. (1990) that it is unlikely that dragonflies and mosquito coexist naturally and that odonates would not be selective enough in their feeding to decrease densities of mosquito populations. Several studies have concluded that dragonflies are active predators of mosquitoes (e.g. Kweka et al., 2011; Sathe and Bhusner, 2010; Saha et al., 2009; Mandal et al., 2008; Chatterjee et al., 2007; Quiroz-Martinez et al., 2005; Stav et al., 2005; Fincke et al., 1997) and our field experiment supports these reports. Although this conclusion is mostly based on laboratory studies, the results of our study indicate that the natural co-occurrence of the predator offers an inexpensive complementary approach for managing mosquito densities. In our opinion, the most inexpensive method is to promote the natural occurrence of odonates. One referee suggested that even adult odonates might contribute to the reduction of mosquitoes by feeding on adult mosquitoes. In general, the diet of adult odonates is very diverse (Sukhacheva, 1996) . For example, out of 41 individual wild-caught adult odonates belonging to five species, only four individuals belonging to two species had traces of mosquito remnants in the gut (Pfitzner et al., 2015) . Therefore, we expect that adult odonates have little influence on the population size of adult mosquitoes.
The reduction in the density of mosquito larvae in closed containers without predators (Fig. S5) could be due to density-dependent competition (Yoshioka et al., 2012; Roberts and Kokkinn, 2010; Agnew et al., 2002) . Densitydependent competition decreases growth rates of larvae, increases larval mortality, delays pupation, and results in the emergence of smaller adults.
A study of predation of Bradinopyga geminata larvae on mosquito larvae in a laboratory experiment in India has shown that this species has a stronger preference for larvae of Culex and Aedes species than for those of Anophe-les (Venkatesh and Tyagi, 2013a), which is keeping with the bottom-feeding behaviour of both odonate larvae (Corbet, 1980) and Aedes larvae (Bay, 1974) . Although Aedes larvae alter their feeding behaviour in the presence of predators that pose a high risk (Roberts, 2014) . Thereby larvae of Aedes switch from bottom feeding to less efficient surface filterfeeding (Roberts, 2012) . The larvae of Culex quinquefasciatus, by contrast, easily becomes habituated to the presence of predators (Roberts, 2014) .
Shade had a significant positive effect on the density of mosquito larvae, which suggests that microclimate could play a vital role in the success of a natural bio-control programme. First of all, shade could have an adverse effect on the colonization of water bodies by dragonflies (Remsburg et al., 2008; Samways et al., 2005; Clark and Samways, 1996) . We observed that adult male dragonflies basked on sunlit containers and defended sunlit containers from other males more than shaded containers. Secondly, shading might result in a reduction of water temperature to the optimum for the survival of mosquito larvae (Mala et al., 2011; Rubio et al., 2011; Wamae et al., 2010; Vezzani and Albicócco, 2009) . High water temperatures decrease the survival of mosquito larvae (Christiansen-Jucht et al., 2014) . Altogether, this suggests that exposing water-storage containers to sunlight in mosquito-prone regions would increase mortality of mosquito larvae as well as predation (see Christiansen-Jucht et al., 2014) . Although covering containers with a fine mesh is the most effective way to keep out mosquitoes, in remote and poor areas where material for covering the containers is not available, keeping the containers in the sun is a cheap possibility to control mosquitoes.
Conclusions
Although it is believed that odonate larvae do not naturally coexist at high densities with mosquito larvae, and that these predators are not selective enough in their feeding to reduce the density of mosquito larvae, the result of our study showed that B. strachani larvae are able to reduce densities of mosquito larvae under semi-natural conditions. This species, which is common around households, has shown its ability to easily breed in water storage containers, which also serve as mosquito breeding reservoirs. Though total covering of water-storage containers is ideal to prevent mosquitoes from breeding in such containers, keeping water-storage containers in sunlit areas to increase water temperature to hinder the development of mosquito larvae and to allow the colonization by B. strachani would be promising for suppressing mosquito-borne diseases by vector control in cases where covering of containers is not possible. Promoting the use of such naturally occurring biological control agents of mosquitoes in rural communities would ensure the reduction of pesticide use, savings on pesticide costs, reduced risk of chemical residues on farm products and households, and a safer environment.
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